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(57)  The purpose of the present invention, relating

to lanthanide boride, which is known as a low work func-
tion material, is to provide a novel low work function ma-
terial with low chemical reactivity, in particular a low work
function material of which the material surface, after be-
ing exposed to atmospheric gases, can be cleaned at a

FIG. 1

heating temperature lower than in the prior art. The
present invention is a laminate containing a lanthanide
boride film formed on a substrate, the surface of said film
being covered by a thin film, wherein the thin film is a
monatomic layer of a hexagonal boron nitride thin film.
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Description
TECHNICAL FIELD

[0001] The presentinvention relates to alaminate con-
taining a lanthanoid boride film formed on a substrate
wherein a surface of the lanthanoid boride film is coated
with a thin film, and wherein the thin film is a monoatomic
layer hexagonal boron nitride thin film. That is, the
presentinvention relates to alaminate having a substrate
and a lanthanoid boride film formed on the substrate,
wherein the laminate has a structure of coating a surface
of the lanthanoid boride film with a monoatomic layer
hexagonal boron nitride thin film.

[0002] The presentinventionalsorelatestoanelectron
source and an electronic device that includes the above
laminate.

[0003] The presentinvention also relates to a method
for producing the above laminate.

[0004] The presentinvention also relates to a method
for cleaning the above laminate.

BACKGROUND ART

[0005] Low work function materials have a high elec-
tron emission efficiency, and therefore are promising as
electronic materials for electron sources, electronic de-
vices, and the like. For example, a lanthanum hexaboride
(LaBg) film that is a lanthanoid boride has a low work
function of 2.3 eV on the (100) plane and exhibits a high
electron emission efficiency, and therefore, it has been
reported that the lanthanum hexaboride (LaBg) film is
used as an electron source material (NON PATENT LIT-
ERATURE 1).

[0006] Also, since lanthanum hexaboride that is a lan-
thanoid boride is a low work function material as de-
scribed above, studies on surface structures and work
functions of clean (100), (110), and (111) surfaces there-
of have been also conducted (NON PATENT LITERA-
TURE 2).

[0007] Also, regarding a method for producing a lan-
thanum hexaboride (LaBg) filmthatis alanthanoid boride,
a method for forming a LaBg film with sputtering process
has been reported (PATENT LITERATURE 1). Specifi-
cally, PATENT LITERATURE 1 discloses that when a
LaBg film is formed by means of sputtering deposition, a
LaBg target is sputtered in an argon ambient to which
0.01 to 5 vol% of nitrogen gas is added, and annealing
is performed in an inert ambient, whereby a LaBg film
having excellent crystallinity is obtained.

[0008] In addition, as shown in FIG. 1, it is known that
various lanthanoid borides and alkaline earth metal bo-
rides have a low work function and can be a high-effi-
ciency electron emission source.
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CITATION LIST
PATENT LITERATURE

[0009] PATENT LITERATURE 1: JP 5665112 B

NON PATENT LITERATURE
[0010]

NON PATENT LITERATURE 1: R.Nishitani, et al.,
"SURFACE STRUCTURES AND WORK FUNC-
TIONS OF THE LaB6(100), (110) and (111) CLEAN
SURFACES", Surf. Sci, 93, 535-549 (1980)

NON PATENT LITERATURE 2: R.Nishitani, et al.,
"OXYGEN ADSORPTION ON THE LaB6(100),
(110) AND (111) SURFACES?", Surf. Sci, 115, 48-60
(1982)

SUMMARY OF INVENTION
TECHNICAL PROBLEM

[0011] However, when the low work function material
described above is actually used as an electronic mate-
rial such as an electron source or an electronic device,
there are the following problems.

[0012] Low work function materials generally have
high chemical reactivity because they have a property of
easily emitting electrons. Therefore, an ambient gas is
easily adsorbed to the material surface, and the surface
is easily contaminated. That is, a compound is easily
formed on the surface of the low work function material.
As a result, the work function easily increases, and in-
crease in the work function causes instability and atten-
uation of emission current.

[0013] Therefore,in ordertorecoverthe low work func-
tion state from the high work function state caused by
the contaminated surface state (that is, the surface state
in which the compound is formed), it is necessary to re-
clean the surface by vacuum heating. However, in the
case of a low work function material, since the compound
formed on the surface is stable, vacuum heating needs
to be performed ata high temperature of 1300°C or higher
in order to re-clean the surface.

[0014] In fact, NON PATENT LITERATURE 2 reports
that, in lanthanum hexaboride (LaBg) known as a low
work function material, when surface atoms are oxidized
by being bonded to oxygen in an ambient gas such as
air exposure and residual gas adsorption, the work func-
tion rapidly increases, and in order to recover a low work
function state from this high work function state, the sur-
face is cleaned by heating at a high temperature of
1300°C or higher in vacuum.

[0015] For these reasons, lanthanoid boride that is
known as a low work function material such as lanthanum
hexaboride has high chemical reactivity, and when the
lanthanoid boride is used as an electronic material such
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as an electron source or an electronic device, a com-
pound is easily formed on the surface of the lanthanoid
boride in an ambient gas such as air exposure or residual
gas adsorption, and the surface state becomes a high
work function state. Therefore, in order to recover the
low work function state from the high work function state,
it is generally understood as it is necessary to clean the
surface by performing vacuum heating at an extremely
high temperature of 1300°C or higher.

[0016] However, when vacuum heating at an extreme-
ly high temperature of 1300°C or higher as described
above is used as an electronic material such as an elec-
tron source or an electronic device which is easily affect-
ed by a temperature, deterioration of a material which is
not desirable as the electronic material is caused, which
causes a short life.

[0017] In view of such circumstances, as to lanthanoid
boride thatis known as alow work function material, when
the lanthanoid boride is used as an electronic material
such as an electron source or an electronic device, de-
velopment of a novel low work function material having
low chemical reactivity, in particular, development of a
low work function material wherein a surface of the low
work function material after being exposed to an ambient
gas can be cleaned by vacuum heating at a temperature
lower than that in the prior art is desired.

[0018] Therefore, the present invention relates to lan-
thanoid boride that is known as a low work function ma-
terial, and an object thereof is to provide a novel low work
function material with low chemical reactivity, in particular
a low work function material wherein a surface of the low
work function material after being exposed to an ambient
gas can be cleaned by vacuum heating at a temperature
lower than in the prior art. Specifically, an object of the
present invention is to provide a laminate containing a
lanthanoid boride film formed on a substrate wherein a
surface of the lanthanoid boride film is coated with a thin
film, and wherein the thin film is a monoatomic layer hex-
agonal boron nitride thin film.

[0019] Alternatively, an object of the present invention
is to provide a laminate wherein the laminate exposed to
an ambient gas can be cleaned by vacuum heating at a
lower temperature than in the prior art (specifically, lower
than 1300°C).

[0020] Alternatively, an object of the present invention
is to provide a laminate wherein a work function after
cleaning the laminate exposed to an ambient gas by vac-
uum heating at a temperature lower than in the prior art
(specifically, lower than 1300°C) is approximately the
same as a work function before being exposed to the
ambient gas, and the low work function of the laminate
is maintained and stored without being increased even
after the cleaning.

[0021] Alternatively, the present invention relates to
lanthanoid boride that is known as a low work function
material, and an object thereof is to provide an electron
source and an electronic device that use a novel low work
function material with low chemical reactivity, in particular
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alow work function material wherein a surface of the low
work function material after being exposed to an ambient
gas can be cleaned by vacuum heating at a temperature
lower than in the prior art (specifically, lower than
1300°C). Specifically, an object of the present invention
is to provide an electron source and an electronic device
that include the above laminate.

[0022] Alternatively, the present invention relates to
lanthanoid boride that is known as a low work function
material, and an object thereof is to provide an electron
source and an electronic device that use a novel low work
function material with low chemical reactivity, in particular
a method for producing a low work function material
wherein a surface of the low work function material after
being exposed to ambient gases can be cleaned by vac-
uum heating at a temperature lower than in the prior art
(specifically, lower than 1300°C). Specifically, an object
of the present invention is to provide a method for pro-
ducing the above laminate.

[0023] Alternatively, the present invention relates to
lanthanoid boride that is known as a low work function
material, and an object thereof is to provide a method for
cleaning a material surface by vacuum heating at a tem-
perature lower than in the prior art (specifically, lower
than 1300°C) after being exposed to an ambient gas.
Specifically, an object of the present invention is to pro-
vide a method for cleaning the above laminate.

SOLUTION TO PROBLEM

[0024] As aresultofintensive studies, as to lanthanoid
boride that is known as a low work function material, the
present inventors have firstly found that the above de-
scribed problems can be solved by coating a lanthanoid
boride film formed on a substrate with a so-called chem-
ically stable protective film that has a low gas adsorption
probability to an ambient gas as well as that can maintain
the low work function of the lanthanoid boride without
increasing the work function (specifically, a monoatomic
layer insulator thin film having a low gas adsorption prob-
ability and an extremely thin film thickness), and have
completed the present invention.

[0025] The present invention specifically has aspects
[1] to [12] as described below.

[1] A laminate comprising a lanthanoid boride film
formed on a substrate, wherein a surface of the lan-
thanoid boride film is coated with a thin film, and
wherein the thin film is a monoatomic layer hexago-
nal boron nitride thin film.

[2] The laminate according to [1], wherein the lanth-
anoid boride film is a lanthanum hexaboride film.
[3] The laminate according to [1] or [2], wherein the
lanthanoid boride film has a thickness of 1 nm or
more and 100 nm or less.

[4] The laminate according to any one of [1] to [3],
wherein a work function of the laminate after being
exposed to an ambient gas and then performing vac-
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uum heating at 500°C or higher and 600°C or less
is approximately the same as a work function of the
laminate before being exposed to the ambient gas.
[5] An electron source comprising the laminate ac-
cording to any one of [1] to [4].

[6]1 An electronic device comprising the laminate ac-
cording to any one of [1] to [4].

[7]1 A method for producing the laminate according
to any one of [1] to [4], the method comprising:

forming a lanthanoid boride film containing ni-
trogen on a substrate; and

diffusing the nitrogen in the lanthanoid boride
film by heating the lanthanoid boride film in a
temperature range of higher than 750°C and
lower than 1200°C in vacuum, reacting the ni-
trogen with boron atoms contained in the lanth-
anoid boride film on a surface of the lanthanoid
boride film to precipitate a monoatomic layer
hexagonal boron nitride thin film on the surface
ofthelanthanoid boride film, and coating the sur-
face of the lanthanoid boride film with the pre-
cipitated monoatomic layer hexagonal boron ni-
tride thin film.

[8] The method according to [7], wherein the lanth-
anoid boride film containing the nitrogen is formed
by: using a lanthanoid boride sintered body contain-
ing nitrogen as a target; and sputtering the target in
an inert gas ambient.

[9] The method according to [7], wherein the sub-
strate is a lanthanoid boride single crystal substrate
or a SiOz substrate including a polycrystalline lanth-
anoid boride film, and

the lanthanoid boride film is formed by irradiating the
surface of the substrate with nitrogen radicals.

[10] The method according to any one of [7] to [9],
wherein coating the surface of the lanthanoid boride
film with the precipitated monoatomic layer hexago-
nal boron nitride thin film is performed by heating in
vacuum in the range of 1 X 10-° Pa or higher and 1
% 105 Pa or less for 5 minutes or more and 3 hours
or less to diffuse the nitrogen.

[11] A method for cleaning a laminate, comprising:
exposing the laminate in which a surface of a lanth-
anoid boride film formed on a substrate is coated
with a thin film made of monoatomic layer hexagonal
boron nitride to an ambient gas, and then subjecting
the laminate contaminated with the ambient gas to
vacuum heating at a low temperature of 500°C or
higher and 600°C or less to clean the laminate.
[12] The method for cleaning the laminate according
to [11], wherein the lanthanoid boride film is a lan-
thanum hexaboride film.

ADVANTAGEOUS EFFECTS OF INVENTION

[0026] According to the present invention, a laminate
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can be provided in which a surface of a lanthanoid boride
film formed on a substrate is coated with a thin film as a
novel low work function material having low chemical re-
activity, wherein the thin film is a chemically stable pro-
tective film that can be maintained without increasing the
work function of the lanthanoid boride film having the low
work function (for example, a lanthanum hexaboride
(LaBg) film) (specifically, a monoatomic layer hexagonal
boron nitride thin film).

[0027] Alternatively, according to the present inven-
tion, by the use of the above laminate, the laminate ex-
posed to the ambient gas can be cleaned by vacuum
heating at a lower temperature than in the prior art (spe-
cifically, lower than 1300°C).

[0028] Alternatively, according to the present inven-
tion, by the use ofthe above laminate, evenifthe laminate
exposed to the ambient gas is cleaned by vacuum heat-
ing at a lower temperature than in the prior art (specifi-
cally, lower than 1300°C), a work function after the heat-
ing is approximately the same as a work function before
being exposed to the ambient gas, and thus the low work
function of the laminate can be maintained and stored
without being increased even after cleaning.

[0029] Alternatively, according to the present inven-
tion, an electron source and an electronic device that
include the above laminate can be obtained. As de-
scribed above, the above laminate after being exposed
to the ambient gas can be cleaned by vacuum heating
at a lower temperature than in the prior art (specifically,
lower than 1300°C), and thus, according to the present
invention, an electron source and an electronic device
that are less thermal damage can be provided.

[0030] Also, as described above, even if the above
laminate is cleaned by vacuum heating at a temperature
lower than that in the prior art (specifically, lower than
1300°C) after being exposed to the ambient gas, a work
function after the heating is approximately the same as
awork function before being exposed to the ambient gas,
and the low work function of the laminate can be main-
tained and stored without being increased even after
cleaning. Therefore, according to the present invention,
a stable emission current can be obtained as an electron
source or an electronic device.

[0031] For this reason, according to the present inven-
tion, a long life of an electron source and an electronic
device can be expected.

[0032] Alternatively, according to the present inven-
tion, a novel cleaning method for cleaning a low work
function material exposed to an ambient gas by vacuum
heating at a lower temperature than in the prior art (spe-
cifically, lower than 1300°C) can be provided.

[0033] According to the present invention, a novel low
work function material having low chemical reactivity can
be provided, and thus residual gas adsorption that is a
factor of instability of emission current can be suppressed
due to a characteristic of alow gas adsorption probability.
Therefore, the stability of emission current can be im-
proved. Accordingly, for example, high performance of
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electron microscope can be expected by the use of an
electron source including the laminate described above.
In particular, since such an electron source has a low
gas adsorption probability, the electron microscope can
be also usually operated in a low-vacuum environment
in which the surface is rapidly contaminated, and as a
result, the high resolution of an electron microscope im-
age regarding a material that needs to be observed in a
low-vacuum environment such as a biological sample
can be expected.

BRIEF DESCRIPTION OF DRAWINGS
[0034]

FIG. 1is adiagram of a list of work functions of typical
rare earth and alkaline earth metal hexaborides.
FIG. 2 is Auger electron spectroscopy (AES) meas-
urement results, and is a diagram showing results
related to changes in surface composition depend-
ing on heating temperatures of a lanthanum hexa-
boride (LaBg) film containing nitrogen formed on a
substrate by means of sputtering deposition.

FIG. 3 is high-resolution electron energy loss spec-
troscopy (HREELS) measurement results, and is a
diagram showing results related to changes in sur-
face composition depending on heating tempera-
tures of a lanthanum hexaboride (LaBg) film contain-
ing nitrogen formed on a substrate by means of sput-
tering deposition.

FIG. 4 is X-ray absorption near edge structure
(XANES) measurement results, and is a diagram
showing results related to a surface structure of a
laminate obtained by subjecting a lanthanum hexa-
boride (LaBg) film containing nitrogen formed on a
substrate by means of sputtering deposition to vac-
uum heating at 660°C (in the figure, TEY represents
a spectrum obtained by the total electron yield meth-
od, and TFY represents a spectrum obtained by the
total fluorescence yield method.).

FIG. 5 is Auger electron spectroscopy (AES) meas-
urement result, and is a diagram showing a result
related to a change in surface composition by vac-
uum heating at 800°C of a lanthanum hexaboride
(LaBg) film containing nitrogen formed on a substrate
by means of nitrogen radical irradiation.

FIG. 6 is high-resolution electron energy loss spec-
troscopy (HREELS) measurement result, and is a
diagram showing a result related to a change in sur-
face composition by vacuum heating at 800°C of a
lanthanum hexaboride (LaBg) film containing nitro-
gen formed on a substrate by means of nitrogen rad-
ical irradiation.

FIG. 7 is scanning tunneling microscope (STM)
measurement results, and is a diagram showing a
result related to a surface of a laminate obtained by
subjecting a lanthanum hexaboride (LaBg) film con-
taining nitrogen formed on a substrate by means of
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sputtering deposition to vacuum heating at 800°C,
exposing the laminate to air, and then cleaning the
laminate by vacuum heating at a temperature of
450°C (in the figure, (a) shows a topographic image
representing geometricirregularities, (b) shows work
function mapping of the same region simultaneously
measured with (a), and (c) shows a work function
profile along a dotted line in (b).).

FIG. 8 is scanning tunneling microscope (STM)
measurement results, and is a diagram showing a
result related to a surface of a laminate obtained by
subjecting a lanthanum hexaboride (LaBg) film con-
taining nitrogen formed on a substrate by means of
sputtering deposition to vacuum heating at 800°C,
exposing the laminate to air, and then cleaning the
laminate by vacuum heating at a temperature of
550°C (in the figure, (a) shows a topographic image
representing geometricirregularities, (b) shows work
function mapping of the same region simultaneously
measured with (a), and (c) shows a work function
profile along a dotted line in (b).).

DESCRIPTION OF EMBODIMENTS

[0035] Hereinafter, embodiments for performing the
present invention will be described in detail. It should be
noted that the present invention is not limited to the fol-
lowing embodiments, and various modifications can be
made within the scope of the gist of the present invention.
[0036] One aspect of the present invention is a lami-
nate containing a lanthanoid boride film formed on a sub-
strate wherein a surface of the film is coated with a thin
film, and wherein the thin film is a monoatomic layer hex-
agonal boron nitride thin film. That is, the laminate of the
presentinvention has a substrate and alanthanoid boride
film formed on the substrate, and has a structure of coat-
ing a surface of the lanthanoid boride film with a mono-
atomic layer hexagonal boron nitride thin film.

[0037] The substrate for forming the above lanthanoid
boride film is not particularly limited as long as the object
of the present invention can be achieved, but it is pref-
erable to use a lanthanoid boride single crystal substrate
or a SiOz substrate including a polycrystalline lanthanoid
boride film (which is a so-called SiOz substrate with poly-
crystalline lanthanoid boride film).

[0038] In addition, the lanthanoid boride single crystal
substrate or the polycrystalline lanthanoid boride film in-
cluded in the SiOz substrate more preferably has the
same material as the lanthanoid boride film formed on
the substrate. This means that, for example, in a case
where the lanthanoid boride film formed on the substrate
is a lanthanum hexaboride (LaBg) film, it is more prefer-
able to use, as the substrate, a lanthanum hexaboride
single crystal substrate or a SiOz substrate including a
polycrystalline lanthanum hexaboride film.

[0039] Here, the phrase "including a polycrystalline
lanthanum hexaboride film" means that the polycrystal-
line lanthanum hexaboride (LaBg) film has only to exist
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in a form, such as a form laminated on a SiOz substrate.
And, the method for forming the polycrystalline lantha-
num hexaboride film is not particularly limited as long as
the object of the present invention can be achieved, and
examples thereof include vapor deposition and precipi-
tation on a SiOz substrate, and the like.

[0040] Regarding the polycrystalline lanthanoid boride
film included in the SiOz substrate, the film thickness of
the polycrystalline lanthanum hexaboride film is not par-
ticularly limited as long as the object of the present in-
vention can be achieved, but it is preferably 20 to 60 nm.
[0041] In the present invention, the lanthanoid boride
is used as a substrate material or a material of a lantha-
noid boride film formed on a substrate.

[0042] The lanthanoid boride used in the present in-
vention is not particularly limited as long as it is a com-
pound having a low work function and containing a lan-
thanoid atom and a boron atom, and examples thereof
include lanthanoid borides such as LaBg, CeBg, PrBg,
NdBg, and GdBg. From the viewpoint of versatility and
electron emission efficiency, LaBg (work function: 2.3 eV)
and CeBg (work function: 2.6 eV) having a low work func-
tion are preferable, and LaBg is more preferable.
[0043] Here, the lanthanoid atom is an atom corre-
sponding to atomic numbers 57 to 71 of the periodic table,
that is, 15 atoms from lanthanum to lutetium in the peri-
odic table.

[0044] The low work function in the present application
may be energy (unit: eV) that is generally understood as
having a low work function, but is specifically preferably
4 eV or less. The work function is more preferably 3.5 eV
or less, and still more preferably 3 eV or less. From the
viewpoint of high electron emission efficiency, a lower
work function is more preferable.

[0045] Regarding the lanthanoid boride film in the
present invention, nitrogen may or may not be contained
as long as the object of the present invention can be
achieved. However, it is preferable to contain nitrogen
from the viewpoint that self-repair can be performed by
reheating when the surface of the laminate of the present
invention is deteriorated.

[0046] When the above lanthanoid boride film contains
nitrogen, the content (wt%) is preferably 0.1 wt% or high-
er and 2 wt% or less, and higher preferably 0.2 wt% or
higher and 0.5 wt% or less.

[0047] The film thickness of the lanthanoid boride film
formed on the substrate is not particularly limited as long
as the object of the present invention can be achieved.
However, from the viewpoint of electron emission effi-
ciency, the above film thickness is preferably in the range
of 1 nm or more and 100 nm or less, more preferably in
the range of 5 nm or more and 100 nm or less, and still
more preferably in the range of 20 nm or more and 60
nm or less.

[0048] Inthe presentinvention, the thin film coating the
lanthanoid boride film formed on the substrate is a mono-
atomic layer hexagonal boron nitride thin film.

[0049] The "hexagonal boron nitride" as a material of
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the above thin film is a layered material and is an inert
material having no dangling bond (that is, an insulating
material). Therefore, the "hexagonal boron nitride" has
a property of suppressing a bonding with an ambient gas
and preventing formation of an undesirable compound
such as an oxide. That is, the hexagonal boron nitride is
a chemically stable material having a low gas adsorption
probability to an ambient gas, and is an effective material
as a protective film coating the lanthanoid boride film
formed on the substrate.

[0050] In addition, the "thin film" of the above hexago-
nal boron nitride thin film means that the thickness of
hexagonal boron nitride as an insulating material is ex-
tremely thin so as to cause physical adsorption without
charge transfer when adsorbed to a lanthanoid boride
film coated as a base. Specifically, the thin film is two
atomic layers or less, and is preferably a monoatomic
layer. In the case of the physical adsorption, since the
thin film and the base are bonded so that vacuum levels
are aligned, the low work function of the lanthanoid boride
film coated as the base is maintained and stored as the
work function of the system. Thatis, the low work function
of the lanthanoid boride film is maintained and stored
even in the state of being coated with the above hexag-
onal boron nitride thin film. As such, in the present appli-
cation, in consider of the fact that the work function of
the laminate of the present invention (that is, the work
function of the system) means the work function of a sur-
face of the laminate, the work function of the lanthanoid
boride film constituting the above laminate is the work
function of the laminate of the present invention (that is,
the work function of the system).

[0051] Asdescribedabove, since the above hexagonal
boron nitride thin film has a thickness as the "thin film"
that is extremely thin so as to cause the above physical
adsorption (specifically, the thin film is two atomic layers
or less, and is preferably a monoatomic layer), the hex-
agonal boron nitride thin film becomes a protective film
effective for maintaining and storing the low work function
of the lanthanoid boride film coated as the base.

[0052] Therefore, the "monoatomic layer hexagonal
boron nitride thin film" used in the present invention is a
chemically stable protective film (specifically, a protective
film having a low gas adsorption probability to an ambient
gas) for coating a lanthanoid boride film having a low
work function formed on a substrate, and is also a pro-
tective film for maintaining and storing the low work func-
tion withoutincreasing the work function of the lanthanoid
boride film.

[0053] Incidentally, a so-called graphene that is mono-
atomic layer graphite cannot be used as an alternative
to the "monoatomic layer hexagonal boron nitride thin
film" used in the presentinvention. This is because, since
graphene is a conductive material, adsorption of the
graphene to the lanthanoid boride film coated as the base
is accompanied by charge transfer, and as a result, the
low work function of the lanthanoid boride film coated as
the base cannot be maintained and stored as the work
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function of the system. That is, this is because, in a case
where the thin film coating the lanthanoid boride film
formed on the substrate is graphene, the work function
of the above lanthanoid boride film in the state of being
coated with graphene increases so as to be beyond the
low work function that a lanthanoid boride film inherently
has, and thus the low work function that a lanthanoid
boride film inherently has cannot be maintained and
stored.

[0054] The "hexagonal boron nitride thin film" used in
the present invention is more preferably a monoatomic
layer having good crystallinity. Therefore, the "hexagonal
boron nitride thin film" used in the present invention is
desirably self-formed on the surface of the low work func-
tion material to be coated as a base, and also from this
viewpoint, the low work function material to be coated as
the base is preferably a lanthanoid boride film.

[0055] As described above, the material of the lantha-
noid boride film is not particularly limited as long as it is
a compound having a low work function and containing
a lanthanoid atom and a boron atom, and examples
thereof include lanthanoid borides such as LaBg, CeBg,
PrBg, NdBg, and GdBg. Among the lanthanoid boride
films made of these lanthanoid borides as a material,
also from the viewpoint of self-formation of a "hexagonal
boron nitride thin film", a lanthanum hexaboride (LaBg)
film and a cerium hexaboride (CeBg) film are preferable,
and a lanthanum hexaboride (LaBg) film is more prefer-
able.

[0056] Asdescribedabove, the laminate of the present
invention has a substrate and a lanthanoid boride film
formed on the substrate, and has a structure of coating
a surface of the lanthanoid boride film with a monoatomic
layer hexagonal boron nitride thin film, and the surface
of the above laminate can be cleaned even by vacuum
heating atatemperature lower than 1300°C (forexample,
a temperature range of 500°C or higher and 600°C or
less) after being exposed to an ambient gas.

[0057] Also, the work function of the laminate before
and after the above cleaning is approximately the same,
and the low work function of the laminate is maintained
and stored without increase even if the laminate is
cleaned after being exposed to the ambient gas.

[0058] As described above, the fact that cleaning by
vacuum heating can be performed at a heating temper-
ature lower than that in the prior art even though the work
function of the laminate of the present invention given by
vacuum heating for cleaning the surface thereof after the
laminate of the present invention is exposed to the am-
bient gas is approximately the same as the work function
of the laminate of the present invention before the lami-
nate of the present invention is exposed to the above
ambient gas means that the gas adsorption probability
of the laminate of the present invention is low.

[0059] Here, the phrase "approximately the same"
means that the work function of the laminate after clean-
ing is within a range of + 0.5 eV or less from the work
function thereof before cleaning. Incidentally, the fact that
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the work function of the laminate after cleaning becomes
smaller than the work function thereof before cleaning is
not particularly problematic because it is in line with the
object of the present invention to provide a laminate that
maintains and stores the low work function of the laminate
without increase even after cleaning as described above.
[0060] The heating temperature after being exposed
to the ambient gas may be lower than 1300°C, but is
preferably 600°C or less, in view of the object of the
present invention that heating is performed at a heating
temperature lower than that in the prior art (specifically,
a temperature lower than 1300°C). The temperature is
preferably lower, but when the heating temperature is
too low, the laminate cannot be sufficiently cleaned, and
it is difficult to maintain the low work function of the lam-
inate, so that the temperature desirably exceeds 450°C
from the viewpoint of performing sufficient cleaning. The
heating temperature is preferably 500°C or higher, and
more preferably 550°C or higher.

[0061] Theambientduring heating after being exposed
to the ambient gas is preferably in vacuum. However, as
long as the object of the present invention can be
achieved, it may be in an inert ambient and is not limited
to vacuum.

[0062] Inthe case of vacuum heating in which heating
is performed in vacuum, the vacuum pressure is prefer-
ably in the range of 1 X 105 Pa or less, and more pref-
erably in the range of 5 X 107 Pa or less.

[0063] Hereinafter, regarding the present invention,
one aspect different from the above laminate as one as-
pect of the present invention will be described, but the
description already described in the laminate as one as-
pect of the present invention is similarly applied unless
otherwise specified.

[0064] Another aspect of the present invention is an
electron source or an electronic device including the
above laminate.

[0065] The electron source is an electron emission
source, and examples of the electron emission method
include thermal electron emission, photoelectron emis-
sion, field emission, and secondary electron emission
due to electron or ion impact, depending on the type of
energy to be applied. The electron source is used for a
scanning electron microscope (SEM), a transmission
electron microscope (TEM), an electron probe microana-
lyzer (EPMA) surface analyzer, a metal 3D printer, a mi-
crofocus X-ray source, a lithography apparatus, and the
like.

[0066] The electronic device may be any device gen-
erally understood as an electronic device, and is roughly
classified into three types: a semiconductor such as an
electronic circuit; an electronic display such as a liquid
crystal device; and a general electronic component other
than the semiconductor and the electronic display (for
example, a capacitor, a power supply). The electronic
device is widely used in electronic equipment and the like.
[0067] In a case where the electron source including
the above laminate is a generally well-known field emis-
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sion electron source and thermionic emission electron
source, for example, the following embodiment can be
illustrated.

[0068] Examples of the field emission electron source
include an aspect of forming a laminate having a structure
of: forming a lanthanum hexaboride layer (corresponding
to the "lanthanoid boride film" of the present application)
on ametal needle forfield electron emission (correspond-
ing to the "substrate" of the present application); and
coating the lanthanum hexaboride layer with the mono-
atomic layer hexagonal boron nitride thin film. In this
case, heating is performed at a temperature from 500 to
600°C, and the laminate is used as the field emission
electron source in this state. When heating is performed
at a temperature from 500 to 600°C, a clean surface can
be held, so that attenuation of emission current due to
adsorption of a residual gas or the like, which is a problem
of a conventional field emission source is prevented.
[0069] Examples of the thermionic emission electron
source include an aspect of forming a laminate having a
structure of: forming a lanthanum hexaboride layer (cor-
responding to the "lanthanoid boride film" of the present
application) on a substrate; and coating the layer with a
monoatomic layer hexagonal boron nitride thin film. In
this case, the temperature and thermionic emission cur-
rent are increased by electrically heating the above lan-
thanum hexaboride layer or by heating the above sub-
strate. As described above, in the conventional thermi-
onic emission electron source using lanthanum hexabo-
ride, it is necessary to operate at 1300°C or higher for
cleaning, but in the above thermionic emission electron
source according to the present invention, since the
cleaning can be performed at a temperature lower than
1300°C, the operating temperature is lowered. As a re-
sult, evaporation of the surface atoms is suppressed, and
the life of the electron source is expected to be prolonged.
[0070] Another aspect of the present invention is a
method for producing the above laminate.

[0071] As a method for producing the laminate of the
presentinvention, for example, there is a method for pro-
ducing the laminate of the present invention by the fol-
lowing: forming a lanthanoid boride film containing nitro-
gen on a substrate; and diffusing nitrogen in the lantha-
noid boride film by heating the lanthanoid boride film in
atemperature range of higher than 750°C and lower than
1200°C in vacuum; reacting the nitrogen with boron at-
oms contained in the lanthanoid boride film on a surface
of the lanthanoid boride film to precipitate a monoatomic
layer hexagonal boron nitride thin film on the surface of
the lanthanoid boride film; and coating the surface of the
lanthanoid boride film with the precipitated monoatomic
layer hexagonal boron nitride thin film.

[0072] Here, the method for forming a lanthanoid bo-
ride film containing nitrogen on a substrate is not partic-
ularly limited as long as the object of the present invention
can be achieved, and examples thereof include a method
for forming a film by means of sputtering deposition and
a method for forming a film by means of nitrogen radical
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irradiation.

[0073] The method for forming a film by means of sput-
tering deposition is a method for forming a thin film by
causing plasma-converted inert gas (mainly argon) ions
to collide with each other with high energy and adhering
flicked fine particles of the target material to an object
placed at a distant position. Specifically, it is a method in
which sputtering is performed in an inert gas ambient of
argon gas by the use of a lanthanoid boride sintered body
containing nitrogen as a target, and the lanthanoid boride
film containing the nitrogen is formed on a substrate by
the sputtering deposition. In general, a film is formed by
depositing a lanthanoid boride film containing nitrogen
by RF sputtering deposition method. When the lantha-
noid boride film is formed by the RF sputtering deposition,
the lanthanoid boride film can have a high degree of free-
dom in shape and high extensibility, which are not pro-
vided in the single crystal material.

[0074] The inert gas is not particularly limited as long
as the object of the present invention can be achieved,
and examples thereof include generally chemically inert
gases such as nitrogen gas and rare gas. In the present
invention, when the film is formed by means of sputtering
deposition described above by the use of the lanthanoid
boride sintered body containing nitrogen, it is preferable
not to use nitrogen gas that causes excessive impurity
supply. Therefore, it is preferable to use a rare gas, and
it is more preferable to use an argon gas from the view-
point of versatility and the like. However, the film formed
by means of sputtering deposition described above can
be also performed by the use of a lanthanoid boride sin-
tered body not containing nitrogen, and in this case, ni-
trogen may be used as an inert gas, for example, an inert
gas containing nitrogen (for example, nitrogen-contain-
ing argon gas) may be used.

[0075] The method for forming a film by means of ni-
trogen radical irradiation is a method for irradiating a sur-
face of a target material with nitrogen radicals in vacuum
to form a lanthanoid boride film containing nitrogen on
the surface. Specifically, itis a method in which a surface
of alanthanoid boride single crystal substrate or a surface
of a SiOz substrate including a polycrystalline lanthanoid
boride film is irradiated with nitrogen radicals at room
temperature in vacuum, and a lanthanoid boride film con-
taining nitrogen is formed on the surface of the above
substrate by the irradiation to form a film.

[0076] Examples of the method for coating the lanth-
anoid boride film containing nitrogen formed on the sub-
strate with a monoatomic layer hexagonal boron nitride
thin film include a method for performing the following:
heating the lanthanoid boride film containing nitrogen
formed on the substrate by the above method at a tem-
perature range of higher than 750°C and lower than
1200°C in vacuum; and reacting the nitrogen with boron
atoms contained in the lanthanoid boride film on the sur-
face of the lanthanoid boride film by thermal diffusion of
the nitrogen in the lanthanoid boride film by the above
heating to precipitate a monoatomic layer hexagonal bo-
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ron nitride thin film on the surface of the lanthanoid boride
film, thereby coating the lanthanoid boride film with the
monoatomic layer hexagonal boron nitride thin film.
[0077] The vacuum pressure and the heating condi-
tions are not particularly limited as long as the object of
the present invention can be achieved, but the following
ranges are preferable from the viewpoint of thermal dif-
fusion of nitrogen.

[0078] The vacuum pressure is preferably in a range
of 1 X 109 Pa or higher and 1 X 10-5 Pa or less, and
more preferably 1 X 10-2 Pa or higher and 5 X 107 Pa
or less.

[0079] The heating temperature is in a temperature
range of higher than 750°C and lower than 1200°C, but
is preferably in a range of 800°C or higher and 1100°C
or less. The heating time is preferably 5 minutes or more
and 3 hours or less.

[0080] Examples of the method for forming the lanth-
anoid boride film containing nitrogen on the substrate
also include a method for forming a film by performing
the following: forming a lanthanoid boride film not con-
taining nitrogen on the substrate by a method such as
sputtering deposition; and then forming a lanthanoid bo-
ride film containing nitrogen by the above method for
forming a film by means of nitrogen radical irradiation.
[0081] Specific examples thereof include a method for
forming a lanthanoid boride film containing nitrogen on
the substrate by performing the following: forming a
<100> oriented polycrystalline lanthanum hexaboride
(LaBg) film that is not doped with nitrogen on a substrate
by means of sputtering deposition; and then irradiating
the polycrystalline lanthanum hexaboride film that is not
doped with nitrogen with nitrogen radicals.

[0082] Also, in order to coat the lanthanoid boride film
not containing nitrogen formed on the substrate with a
monoatomic layer hexagonal boron nitride thin film, for
example, a borazine gas (BzN3;Hg) may be exposed, and
the surface thereof may be coated with a monoatomic
layer hexagonal boron nitride thin film by chemical vapor
deposition.

[0083] As described above, the method for producing
the laminate of the present invention is performed by the
following: forming a lanthanoid boride film containing ni-
trogen on a substrate; and then coating the lanthanoid
boride film with a monoatomic layer hexagonal boron ni-
tride thin film. Therefore, hexagonal boron nitride is not
present at the time when the lanthanoid boride film con-
taining nitrogen is formed on the substrate by the above
method for forming a film by means of sputtering depo-
sition or the above method for forming a film by means
of nitrogen radical irradiation. Thatis, the above nitrogen
is not present as hexagonal boron nitride. By the subse-
quent heating in a temperature range of higher than
750°C and lower than 1200°C in vacuum, nitrogen in the
above lanthanoid boride filmis thermally diffused, where-
by boron atoms contained in the above lanthanoid boride
film are reacted on the surface of the lanthanoid boride
film to form hexagonal boron nitride as a monoatomic
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layer. As aresult, the above lanthanoid boride film is coat-
ed with a monoatomic layer hexagonal boron nitride thin
film.

[0084] The surface of the hexagonal boron nitride thin
film having a film thickness of a monoatomic layer is not
equivalent to the surface of hexagonal boron nitride of
bulk, and is treated as a physical adsorption system of
an insulator film having an extremely thin film thickness.
As a result, the surface electronic properties of the lam-
inate of the presentinvention greatly depend on the elec-
tronic properties of the lanthanoid boride film as a base
of hexagonal boron nitride, and the work function of this
system (that is, the work function of the laminate of the
present invention) is given by the work function of the
lanthanoid boride film as the base.

[0085] Another aspect of the present invention is a
method for cleaning the above laminate. Specifically, it
is a method for performing the following: exposing to an
ambient gas the above laminate in which a surface of a
lanthanoid boride film formed on a substrate is coated
with a thin film made of monoatomic layer hexagonal bo-
ron nitride; and then cleaning the above laminate con-
taminated with the ambient gas by vacuum heating at a
low temperature of 500°C or higher and 600°C or less.
[0086] It is desirable to vacuum-heat the above lami-
nate at a low temperature of 500°C or higher and 600°C
orless. Thisis because, as described above, the laminate
after being exposed to the ambient gas becomes to be
cleaned at a heating temperature lower than that in the
prior art (specifically, a temperature lower than 1300°C).
[0087] Also, according to the cleaning method of the
present invention, even if the above laminate exposed
to the ambient gas is cleaned at a low temperature of
500°C or higher and 600°C or less, which is much lower
than that in the prior art, the work function of the above
laminate before and after the cleaning is approximately
the same, and the low work function of the above laminate
can be maintained without being increased even after
the cleaning. This is desirable as an electronic material,
as described above.

[0088] Conditions not specified in the present applica-
tion are not particularly limited as long as the object of
the present invention can be achieved.

EXAMPLES

[0089] Next, an embodiment of the present invention
will be described more specifically with reference to Ex-
amples, but the embodiment of the present invention is
not limited to the following Examples as long as it does
not exceed the gist thereof.

[0090] The laminate of the present invention contain-
ing a lanthanoid boride film formed on a substrate where-
in a surface of the lanthanoid boride film is coated with
a thin film, and wherein the thin film is a monoatomic
layer hexagonal boron nitride thin film was produced by
the following two methods in which lanthanum hexabo-
ride (LaBg) is used as a typical example of the lanthanoid
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boride. The firstis a method in which a film of alanthanum
hexaboride film containing nitrogen is formed on a sub-
strate by the use of a method for forming a film by means
of sputtering deposition, and the second is a method in
which a film of a lanthanum hexaboride film containing
nitrogen is formed on a substrate by the use of a method
for forming a film by means of nitrogen radical irradiation.

Example 1

[0091] First, a film of a lanthanum hexaboride (LaBg)
film containing nitrogen was formed on a substrate by
the use of the method for forming a film by means of
sputtering deposition. This is specifically as follows.

<Formation of film by means of sputtering deposition>

[0092] A lanthanum hexaboride (LaBg) film containing
nitrogen was deposited on a lanthanum hexaboride sin-
gle crystal substrate or a SiOz substrate on which a poly-
crystalline lanthanum hexaboride film was laminated by
means of RF sputtering deposition method to form a film.
Specifically, "Canon ANELVA E200-S" was used as an
RF sputtering deposition apparatus (that s, the film form-
ing apparatus for the lanthanum hexaboride film), and a
lanthanum hexaboride (LaBg) sintered body containing
0.4 wt% of nitrogen was used as a target. The pressure
in the apparatus during sputtering deposition was kept
in the range of 0.3 to 0.5 Pa while maintaining an argon
gas ambient with an argon gas flow rate of 10 sccm.
Sputtering power was set to 20 to 50 W, and substrate
temperature during sputtering deposition was setto room
temperature. However, the substrate temperature may
be in the range of room temperature to 150°C.

[0093] The thickness of the formed lanthanum hexa-
boride film was measured by means of a stylus profiler
apparatus ("Alpha-Step D-500" manufactured by "KLA-
Tencor"), and was in the range of 20 to 60 nm.

[0094] As described above, the sputtering deposition
was performed under an ambient of only argon gas, and
nitrogen gas was not supplied during the sputtering dep-
osition.

[0095] Also, annealing was not performed immediately
after film formation.

[0096] Next, a monoatomic layer hexagonal boron ni-
tride thin film was coated on the lanthanum hexaboride
film containing nitrogen that was formed on the substrate
by the above method for forming a film by means of sput-
tering deposition, thereby preparing a laminate of the
present invention. This is specifically as follows.

<Coating with monoatomic layer hexagonal boron nitride
thin film>

[0097] The lanthanum hexaboride (LaBg) film contain-
ing nitrogen formed on the substrate by the above method
for forming a film by means of sputtering deposition or
the above method for forming a film by means of nitrogen
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radical irradiation was heated in a vacuum of 1 X 10-5
Paorlessinatemperature range of 800 to 1100°C, there-
by precipitating and coating a monoatomic layer hexag-
onal boron nitride thin film on the surface of the lanthanum
hexaboride film. As such, the laminate of the present in-
vention was obtained. Here, the heating temperature was
measured by the use of a pyrometer ("Impac 8 Pro Se-
ries" manufactured by "Advanced Energy Industries,
Inc."). The heating was performed by means of an elec-
tron beam bombardment heating. However, this heating
may be any of an electrical heating, an electron beam
bombardment heating, and a radiation heating. The heat-
ing time was set to a time until the base pressure was
recovered or a time until the pressure reached 2 X 10-7
Pa or less in order to obtain an equilibrium state on the
surface of the laminate at each set temperature. Specif-
ically, it was in the range of 30 minutes to 3 hours.
[0098] The above vacuum heating for coating the sur-
face of the above lanthanum hexaboride film with a mono-
atomic layer hexagonal boron nitride thin film does not
need to be performed in the apparatus to form the film
immediately after the above lanthanum hexaboride film
is formed, and may be performed after the lanthanum
hexaboride film containing nitrogen formed on the sub-
strate is once exposed to air.

[0099] Regarding the laminate obtained as described
above, it was confirmed by the following method that a
monoatomic layer hexagonal boron nitride thin film was
formed on the surface thereof.

<Confirmation of coating by means of Auger electron
spectroscopy (AES) measurement>

[0100] Regarding vacuum heating for coating the lan-
thanum hexaboride (LaBg) film containing nitrogen
formed on the substrate with a monoatomic layer hexag-
onal boron nitride thin film, in order to evaluate a change
in surface composition of the lanthanum hexaboride film
due to a change in heating temperature, a combination
of a cylindrical mirror electron analyzer (manufactured
by "YAMAMOTO SHINKU KENKYUSHOQ") and an elec-
tron gun ("RDA001 type" manufactured by "R-DEC Co.,
Ltd.")was used as an Auger electron spectroscopy (AES)
measurementdevice. The vacuum pressure in the device
was set from 2 X 10-8to 1 X 10”7 Pa. The measurement
was performed on the above lanthanum hexaboride film
immediately after being formed and before vacuum heat-
ing and the above lanthanum hexaboride film vacuum-
heated at each temperature in the range of 500 to
1200°C. Regarding the above vacuum-heated lantha-
num hexaboride (LaBg) film, the measurement thereof
was performed at room temperature after completion of
vacuum heating. The energy of the electron beam was
set to 15 keV, and the irradiation angle was set to about
70° from the direction perpendicular to the surface. The
results are shown in FIG. 2.

[0101] From theresultsin FIG. 2, it was confirmed that
a signal corresponding to nitrogen appearing around 390
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eV, which was not observed up to 750°C, is detected at
800°C exceeding 750°C. At the same time, it was also
confirmed that the signal corresponding to nitrogen was
detected even at 1100°C, and was not detected at
1200°C.

[0102] Therefore, it was found that it is necessary to
perform vacuum heating in a temperature range of higher
than 750°C and lower than 1200°C in order for the nitro-
gen-containing film to appear on the lanthanum hexabo-
ride film containing nitrogen formed on the substrate.

<Confirmation by means of high-resolution electron en-
ergy loss spectroscopy (HREELS) measurement>

[0103] In order to identify the structure of surface com-
position of the above lanthanum hexaboride (LaBg) film
vacuum-heated at each temperature in the range of
750°C to 1200°C on the basis of the above Auger electron
spectroscopy (AES) measurement result, high-resolu-
tion electron energy loss spectroscopy (HREELS) meas-
urement was performed. This method is a method for
evaluating a bonding state of atoms from surface atomic
vibration to determine a surface atomic structure. The
device used for the high-resolution electron energy loss
spectroscopy (HREELS) measurements is a "Delta-0.5"
manufactured by "Specs GmbH". The incident energy of
electrons was set to 2.0 eV, and measurement was per-
formed under specular reflection conditions. The meas-
urement was performed at room temperature after com-
pletion of vacuum heating. The results are shown in FIG.
3.

[0104] Asshown inthe results of FIG. 3, when vacuum
heating was performed at 850°C to 1100°C, loss energy
peaks of 100, 173, and 180 meV were detected. These
peaks were confirmed to almost coincide with phonon
energies of a monoatomic layer hexagonal boron nitride
thinfilm reportedin "E. Rokuta et al., "Phonon Dispersion
of an Epitaxial Monolayer Film of Hexagonal Boron Ni-
tride on Ni(111)", Phys. Rev. Lett. 79, 4609 [1997]" (that
is, vibration peaks of a monoatomic layer hexagonal bo-
ron nitride thin film). That is, when vacuum heating was
performed at 850°C to 1100°C, it was confirmed that a
monoatomic layer hexagonal boron nitride thin film is
formed on the surface of the above lanthanum hexabo-
ride film. On the other hand, no loss energy peaks at 100,
173, and 180 meV were detected at 750°C and 1200°C.
[0105] Therefore, it was found that by performing vac-
uum heating in a temperature range of higher than 750°C
and lower than 1200°C, the lanthanum hexaboride film
containing nitrogen formed on the substrate can be coat-
ed with a monoatomic layer hexagonal boron nitride thin
film.

<Confirmation of coating by means of X-ray absorption
near edge structure (XANES) measurement>

[0106] In order to identify the structure of surface com-
position of the above lanthanum hexaboride (LaBg) film
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vacuum-heated in a temperature range of higher than
750°C and lower than 1200°C, as a typical example
thereof, the structure of surface composition vacuum-
heated at 800°C was also identified by another method.
Specifically, X-ray absorption near edge structure
(XANES) measurement was performed by means of a
beamline (BL7U vacuum ultraviolet spectroscopy) instru-
ment at "Aichi Synchrotron Radiation Center". This
measurement method is a method for observing an elec-
tronic state unique to a substance and identifying the
substance. At that time, in order to demonstrate that a
monoatomic layer hexagonal boron nitride was formed
on the surface, a hexagonal boron nitride powder was
used as a reference sample. The results are shown in
FIG. 4.

[0107] The spectrain FIG. 4 are XANES spectra near
the nitrogen K-edge. In this measurement, the total elec-
tronyield (TEY) methodsensitive to surface detection and
the total fluorescence yield (TFY) methodsensitive to a
bulk detection were used in combination. The measured
sample was a laminate obtained by being subjected to
vacuum heating at 800°C as described above, and after
the vacuum heating, the laminate was exposed to air,
transferred to the beamline instrument, and then re-
cleaned at a temperature of 660°C in the beamline in-
strument. As can be seen from dashed lines in FIG. 4, in
a spectrum by TEY of the laminate obtained by being
subjected to the above vacuum heating (specifically, "h-
BN/LaBg (after heating)" in FIG. 4), peaks indicating the
same structure at the same energy position as a spec-
trum by TEY and a spectrum by TFY of hexagonal boron
nitride for reference (specifically, "h-BN (for reference)"
in FIG. 4) were confirmed. On the other hand, it was con-
firmed that a peak indicating such a structure was not
detected in a spectrum by TFY simultaneously measured
for the laminate obtained by being subjected to the above
vacuum heating. From these results, it was found that in
the laminate obtained by being subjected to the above
vacuum heating, hexagonal boron nitride does not exist
inside, and exists only on the surface. The hexagonal
boron nitride existing on the surface was also found to
be a monoatomic layer taking into account of the detec-
tion sensitivity of TFY.

[0108] Therefore, it was found that by performing vac-
uum heating in a temperature range of higher than 750°C
and lower than 1200°C, the lanthanum hexaboride film
containing nitrogen formed on the substrate can be coat-
ed with a monoatomic layer hexagonal boron nitride thin
film.

Example 2

[0109] First, a film of a lanthanum hexaboride (LaBg)
film containing nitrogen was formed on a substrate by
the use of the method for forming a film by means of
nitrogen radical irradiation. This is specifically as follows.
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<Formation of film by means of nitrogen radical irradia-
tion>

[0110] A lanthanum hexaboride (LaBg) film containing
nitrogen was formed on a lanthanum hexaboride (001)
single crystal substrate by irradiating the substrate with
nitrogen radicals atroom temperature for 3 minutes. Spe-
cifically, a radical source apparatus ("ER-1000" manu-
factured by "EIKO Corporation") was used, and the pres-
sure in the apparatus was kept in the range of 1 X 10-2
to 2 X 10-2 Pa under a nitrogen ambient at a nitrogen
gas flow rate of 4 sccm. The power was set to 280 W.
[0111] Next, a monoatomic layer hexagonal boron ni-
tride thin film was coated on the lanthanum hexaboride
(LaBg) film containing nitrogen formed on the substrate
by the above method for forming a film by means of ni-
trogen radical irradiation, thereby preparing the laminate
of the present invention.

<Coating with monoatomic layer hexagonal boron nitride
thin film>

[0112] A monoatomic layer hexagonal boron nitride
thin film was precipitated and coated on the surface of
the above lanthanum hexaboride film by the same meth-
od as in Example 1 with the lanthanum hexaboride (LaBg)
film containing nitrogen formed on the substrate by the
above method for forming a film by means of sputtering
deposition or the above method for forming a film by
means of nitrogen radical irradiation, thereby obtaining
the laminate of the present invention.

[0113] Regarding the laminate obtained as described
above, it was confirmed by the following method that a
monoatomic layer hexagonal boron nitride thin film was
formed on the surface thereof.

<Confirmation of coating by means of Auger electron
spectroscopy (AES) measurement>

[0114] Regarding vacuum heating for coating the lan-
thanum hexaboride (LaBg) film containing nitrogen
formed on the substrate with a monoatomic layer hexag-
onal boron nitride thin film, in order to evaluate a change
in surface composition of the lanthanum hexaboride film
due to a change in heating temperature, Auger electron
spectroscopy (AES) measurement was performed at
room temperature in the same manner as in Example 1.
Therefore, the measurement conditions are the same as
those in Example 1.

[0115] One of the results (a case where the vacuum
heating condition is heating at 800°C for 15 minutes in a
vacuum of 1 X 10-6 Pa) is shown in FIG. 5.

[0116] As shown in the results of FIG. 5, similarly to
Example 1, it was confirmed that a signal corresponding
to nitrogen appearing around 390 eV, which was not ob-
served up to 750°C, is detected at 800°C exceeding
750°C. Although not shown, it was also confirmed that
the signal corresponding to nitrogen was detected even
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at 1100°C, and was not detected at 1200°C.

[0117] Therefore, as in Example 1, it was found that it
is necessary to perform vacuum heating in a temperature
range of higher than 750°C and lower than 1200°C in
order for the nitrogen-containing film to appear on the
lanthanum hexaboride film containing nitrogen formed
on the substrate.

<Confirmation of coating by means of high-resolution
electron energy loss spectroscopy (HREELS) measure-
ment>

[0118] Inorder to identify the structure of surface com-
position of the above lanthanum hexaboride (LaBg) film
vacuum-heated at each temperature in the range of
750°C to 1200°C on the basis of the above Auger electron
spectroscopy (AES) measurement result, high-resolu-
tion electron energy loss spectroscopy (HREELS) meas-
urement was performed in the same manner as in Ex-
ample 1. Therefore, the measurement conditions are the
same as those in Example 1.

[0119] One of the results (when the vacuum heating
condition is heating at 800°C for 15 minutes in a vacuum
of 1 X 10-6 Pa) is shown in FIG. 6.

[0120] As shown in the results of FIG. 6, when vacuum
heating was performed at 800°C, loss energy peaks of
100, 173, and 180 meV were detected as in Example 1.
These peaks were confirmed to almost coincide with pho-
non energies of a monoatomic layer hexagonal boron
nitride thin film reported in "E. Rokuta et al., "Phonon
Dispersion of an Epitaxial Monolayer Film of Hexagonal
Boron Nitride on Ni(111)", Phys. Rev. Lett. 79, 4609
[1997]" (that is, vibration peaks of a monoatomic layer
hexagonal boron nitride thin film). Although not shown,
it was also confirmed that the temperature of vacuum
heating was detected even at 1100°C, and was not de-
tected at 1200°C. That is, when vacuum heating was
performed at 850°C to 1100°C, it was confirmed that a
monoatomic layer hexagonal boron nitride thin film is
formed on the surface of the above lanthanum hexabo-
ride film.

[0121] Therefore, it was found that by performing vac-
uum heating in a temperature range of higher than 750°C
and lower than 1200°C, the lanthanum hexaboride film
containing nitrogen formed on the substrate can be coat-
ed with a monoatomic layer hexagonal boron nitride thin
film.

Example 3
<Cleaning evaluation>

[0122] The laminates finally obtained in Examples 1
and 2 were exposed to air, and then vacuum heating was
performed. As a typical example, among the laminates
finally obtained in Example 1, regarding the case where
the temperature of vacuum heating for precipitating and
coating a monoatomic layer hexagonal boron nitride thin
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film on the surface of the above lanthanum hexaboride
(LaBg) film is 800°C, the results of cleaning the laminate
atheating temperatures 0f 450°C and 550°C in a vacuum
of 3 X 107 Pa after being exposed to air are shown in
FIGS. 7 and 8, respectively. Here, the heating of the lam-
inate was performed by means of an electrical heating,
and the temperature was measured with a pyrometer.
Also, the heating time was set to, at the above set tem-
perature (450°C), a time until the base pressure (2 X
10-8 Pa) was recovered or a time until the pressure
reached less than 1 X 10-7 Pa, specifically, about 30
minutes to 2 hours. Also, the surface state of the laminate
after vacuum heating was evaluated by means of a scan-
ning tunneling microscope (STM) measurement. In the
measurement, "LT-STM" manufactured by "Omicron,
Inc." was used as a scanning tunneling microscope
(STM) apparatus. By the use of this apparatus, topo-
graphic images and local work function mapping were
measured simultaneously. The tunnel condition was
measured with a sample bias of -3.5 V, a tunnel current
of 0.5 nA, a probe amplitude of 1 A, and 1 kHz. FIGS.
7(a) and 8(a) are topographic images representing geo-
metric irregularities, FIGS. 7(b) and 8(b) are work func-
tion mappings of the same region measured simultane-
ously, and FIGS. 7(c) and 8(c) are a work function profile
along adottedline in FIG. 7(b) and a work function profile
along a dotted line in FIG. 8(b), respectively.

[0123] From the resultsin FIG. 7, it was confirmed that
uniform work function distribution cannot be obtained by
vacuum heating at 450°C, and the work function value
is also increased by about 0.2 to 0.6 eV as compared
with the original low work function of the lanthanum hex-
aboride film (thatis, 2.3 eV, which is a dashed line in FIG.
7(c)). That is, it was found that vacuum heating at 450°C
is insufficient for cleaning of the laminate after air expo-
sure.

[0124] On the other hand, from the results of FIG. 8, it
was confirmed that uniform work function distribution is
obtained by vacuum heating at 550°C exceeding 450°C,
and the original low work function of the lanthanum hex-
aboride film (thatis, 2.3 eV, which is a dashed line in FIG.
8(c)) is sufficiently recovered as the work function value.
That is, it was found that vacuum heating at 550°C or
600°C exceeding 550°C can sufficiently clean the lami-
nate after air exposure, and the same effect can be ex-
pected even at 500°C significantly exceeding 450°C.

INDUSTRIAL APPLICABILITY

[0125] According to the presentinvention, it can be ex-
pected to be used as an electronic material such as an
electron source or an electronic device using a lanthanoid
boride of a low work function material that easily emits
electrons and has high chemical reactivity. In particular,
according to the present invention, since a clean surface
can be maintained when heated to 500 to 600°C, appli-
cability in the fields of a field emission electron source
and a thermionic emission electron source and the field
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of using the same (for example, applicability in the field
of electron microscopy) can be greatly expected.

Claims

1. A laminate comprising a lanthanoid boride film
formed on a substrate, wherein a surface of the lan-
thanoid boride film is coated with a thin film, and
wherein the thin film is a monoatomic layer hexago-
nal boron nitride thin film.

2. The laminate according to claim 1, wherein the lan-
thanoid boride film is a lanthanum hexaboride film.

3. The laminate according to claim 1 or 2, wherein the
lanthanoid boride film has a thickness of 1 nm or
more and 100 nm or less.

4. The laminate according to any one of claims 1 to 3,
wherein a work function of the laminate after being
exposed to an ambient gas and then performing vac-
uum heating at 500°C or higher and 600°C or less
is approximately the same as a work function of the
laminate before being exposed to the ambient gas.

5. An electron source comprising the laminate accord-
ing to any one of claims 1 to 4.

6. An electronic device comprising the laminate ac-
cording to any one of claims 1 to 4.

7. A method for producing the laminate according to
any one of claims 1 to 4, the method comprising:

forming a lanthanoid boride film containing ni-
trogen on a substrate; and

diffusing the nitrogen in the lanthanoid boride
film by heating the lanthanoid boride film in a
temperature range of higher than 750°C and
lower than 1200°C in vacuum, reacting the ni-
trogen with boron atoms contained in the lanth-
anoid boride film on a surface of the lanthanoid
boride film to precipitate a monoatomic layer
hexagonal boron nitride thin film on the surface
ofthe lanthanoid boride film, and coating the sur-
face of the lanthanoid boride film with the pre-
cipitated monoatomic layer hexagonal boron ni-
tride thin film.

8. The method according to claim 7, wherein the lan-
thanoid boride film containing the nitrogen is formed
by: using a lanthanoid boride sintered body contain-
ing nitrogen as a target; and sputtering the target in
an inert gas ambient.

9. The method according to claim 7, wherein the sub-
strate is a lanthanoid boride single crystal substrate
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or a SiOz substrate including a polycrystalline lanth-
anoid boride film, and

the lanthanoid boride film is formed by irradiating the
surface of the substrate with nitrogen radicals.

The method according to any one of claims 7 to 9,
wherein coating the surface of the lanthanoid boride
film with the precipitated monoatomic layer hexago-
nal boron nitride thin film is performed by heating in
vacuum in the range of 1 X 10-° Pa or higher and 1
% 105 Pa or less for 5 minutes or more and 3 hours
or less to diffuse the nitrogen.

A method for cleaning a laminate, comprising:
exposing the laminate in which a surface of a lanth-
anoid boride film formed on a substrate is coated
with a thin film made of monoatomic layer hexagonal
boron nitride to an ambient gas, and then subjecting
the laminate contaminated with the ambient gas to
vacuum heating at a low temperature of 500°C or
higher and 600°C or less to clean the laminate.

The method for cleaning the laminate according to
claim 11, wherein the lanthanoid boride film is a lan-
thanum hexaboride film.
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